Rice husk modified with oxalic acid (MRH) was tested as a lowcost adsorbent for the removal of Neutral Red (NR) dye from aqueous solutions employing batch adsorption procedures. Such studies were conducted by varying various parameters such as the pH, the adsorbent dosage, the salt concentration, the contact time, the concentration of the adsorbate and the temperature. The kinetic experimental data were analyzed using three kinetic equations, viz. the pseudo-first-order equation, the pseudo-second-order equation and the intraparticle diffusion model equation, to examine the mechanism of adsorption and the potential rate-controlling step.
INTRODUCTION
Colour is a visible pollutant and the presence of even a very minute amount of a colouring substance in water is considered undesirable. Since they are toxic, mutagenic or carcinogenic, most dyes can damage not only aquatic life but also human beings (Gong et al. 2005; Akar et al. 2009 ). For this reason, coloured effluents must be treated properly before being discharged into water bodies (Inthorn et al. 2004) . Sorption methods have proved to be effective and attractive as a means for treating such dye-bearing wastewaters (Robinson et al. 2001; Aksu 2005) . Activated carbon is commonly used as an adsorbent for removing dyes from wastewater due to its excellent adsorption capabilities (Walker and Weatherley 1997) . However, its high cost limits its widespread use.
Recently, attention has been focused on the development of low-cost adsorbents for the treatment of wastewater (Aksu 2005; Wang et al. 2009 ). Agricultural by-products such as peanut husk (Han et al. 2008) , peat and pith (Ho and McKay 2003) , apple pomace and wheat straw , wheat shell (Bulut and Aydin 2006) , cereal chaff (Han et al. 2006) , fruit peel (Sivaraj et al. 2001) , de-oiled soya (Mittal et al. 2005) , bark (Saliba et al. 2002) and leaves (Han et al. 2009a; Ben Hamissa et al. 2007; Immich et al. 2009; Saliba et al. 2002) have all been widely studied for dye removal from wastewater. Generally, the sorption capacities of crude agricultural by-products are low. For improving the sorption capacity of these by-products, chemical modification has been used (Gong et al. 2008a-c; Gurgel et al. 2008; Marshall et al. 1999; Ong et al. 2007; Šćiban et al. 2008; Vaughan et al. 2001; Wong et al. 2003) . However, few studies of cationic dye adsorption onto oxalic acid-modified agricultural by-products, such as rice husk, have been reported.
The aim of this work was to modify rice husk with oxalic acid to enhance the adsorption capacity of the by-product and to investigate the adsorption of NR onto it. The study includes an evaluation of the effects of various operational parameters such as the initial dye concentration, the contact time, the temperature and the pH on the dye adsorption process. The data relating to the adsorption capacities of MRH were examined using the Langmuir, Freundlich and Redlich-Peterson isotherm equations. In addition, the kinetics and the mechanistic steps involved in the sorption process were also evaluated.
MATERIALS AND METHODS

Preparation of MRH
Fresh rice husk biomass was collected from its natural habitat from farmland in Zhengzhou City, P. R. China. This husk was washed several times with distilled water and then dried at 333 K for 8 h in an oven. The dry rice husk was crushed to a powder and sieved to provide 20-40 mesh fractions for chemical modification.
Rice husk modified with oxalic acid (MRH) was prepared according to the modified method of Vaughan et al. (2001) . Natural rice husk (NRH) was mixed with a 0.5 mol/ᐉ solution of oxalic acid (OA) in a ratio of 1:12 (rice husk/acid, w/v) and stirred for 30 min at 293 K. The acid rice husk slurries were placed on a stainless steel tray and dried for 24 h at 323 K in a forced air oven. Thermochemical esterification between the acid and rice husk was effected by raising the oven temperature to 393 K for 90 min. After cooling, the esterified rice husk was washed with distilled water until the wash liquid exhibited no turbidity when 0.1 mol/ᐉ CaCl 2 was added. After filtration, MRH was suspended in 0.1 mol/ᐉ NaOH solution at a suitable ratio and stirred for 60 min, followed by washing thoroughly with distilled water to remove residual alkali, dried at 323 K for 24 h and then stored in a desiccator for subsequent use.
The chemical modification of rice husk may be expressed schematically as:
Experimental methods and measurements
Equilibrium adsorption studies were undertaken by batch methods at 283, 293 and 303 K, respectively. A series of 50 mᐉ conical flasks was used for such studies, with each flask containing MRH at a mass loading of 3 g/ᐉ in the presence of 10 mᐉ of an NR solution at an initial concentration within the range 10-350 mg/ᐉ. The conical flasks were agitated on an orbital shaker at 100 rpm for 480 min, with samples of the solutions being removed for NR analysis after equilibrium had been attained. Kinetic experiments were carried out by loading 3 g/ᐉ MRH into several sets of conical flasks containing 10 mᐉ of NR solution of known initial concentration. The flasks were then subjected to agitation using water bath shakers for different contact time intervals. Flasks were taken from the shakers at regular time intervals and the remaining concentration of NR in solution estimated. As NR precipitates from solution at pH > 7, the effect of pH on the amount of colour removal was analyzed over the pH range 1-7. The pH value was adjusted by the addition of 1 mol/ᐉ NaOH or HCl solutions as necessary. The effects of ionic strength on NR uptake were examined using NaCl or CaCl 2 solutions (0.01-0.1 mol/ᐉ) to adjust the ionic strength.
The concentration of NR in solution was determined spectrophotometrically using a Shimadzu UV-3000 UV spectrophotometer to monitor the absorbance changes at the maximum absorbance wavelength (530 nm). The amount of dye adsorbed per unit weight of adsorbent (q) and the percentage colour removal (% P) were calculated using the following equations:
(1)
where V (ᐉ) is the volume of the solution, C 0 (mg/ᐉ) is the initial concentration of NR, C (mg/ᐉ) is the concentration of NR at a given time t and m (g) is the dry weight of adsorbent employed. 
FT-IR spectra of NRH and MRH
Like all vegetable biomass, rice husk consists of abundant amounts of fibre and protein containing functional groups such as carboxyl, hydroxy and amidogen, etc. (Han et al. 2004) . It would thus appear to be a good candidate for modification with carboxylic acids, with the addition of carboxyl functional groups possibly enhancing the sorption capacity of the husk. Fourier-transform infrared (FT-IR) spectroscopy is an important tool for identifying characteristic functional groups which are capable of adsorbing dye ions (Han et al. 2010) . Figure 1 shows the corresponding IR spectra of NRH and MRH. As shown in Figure 1 , the spectra displayed a number of absorption peaks, indicating the complex nature of the materials. The broad absorption peaks at ca. 3423 cm -1 indicated the existence of bonded hydroxy groups on the surface of the rice husk. This band was associated with the vibrations of the silanol groups, the linked hydroxy groups in cellulose and lignin, and adsorbed water on the rice husk surface. The peaks observed at 2927 and 1383 cm -1 were assigned to the stretch and bending vibration modes, respectively, of the C-H bond in the methyl groups. Similarly, the peaks located at 1732 and 1635 cm -1 were characteristic of carbonyl group stretching in aldehydes and ketones (Tarley and Arruda 2004) . These groups can be conjugated or non-conjugated in aromatic rings (1640 and 1730 cm -1 , respectively). The peak at ca. 1423 cm -1 was also attributed to the stretch vibration of C-O associated with the carboxyl group. The strong C-O band at 1070 cm -1 also confirms the lignin structure of the rice husk. Figure 1 also indicates that modification of the rice husks led to an increase the absorption band corresponding to the stretch vibration of the carboxyl group (at 1736 cm -1 ), with the positions of some peaks being changed after modification. These results show that MRH possessed more carboxyl groups than NRH.
Band intensity is a function of the change in the electrical dipole moment and also the total number of related bonds in the sample. Thus, the C-O group band was more intense than that of the C=O group, possibly as a result of more C-O groups being present in the adsorbent (Krishnani et al. 2008) . These groups may function as proton donors and, as a consequence, deprotonated hydroxy and carboxyl groups may be involved in coordination with positive dye ions. Dissolved NR ions are positively charged and will undergo attraction on approaching the anionic MRH structure. On this basis, it is expected that MRH will show a strong adsorption affinity towards NR ions.
Effect of initial pH
The initial pH value of the solution is one of the most important factors influencing dye adsorption. This is because the pH value determines the number of hydrogen ions capable of competing with the positively charged dye ions for the active sites on the adsorbent. Figure 2 shows the effect of the initial solution pH on the amount of NR ions adsorbed onto NRH and MRH under equilibrium conditions. It is seen that the values of q e for NRH and MRH were smallest at an initial pH of 1.2. The lower uptake capacity of NR at low pH is probably due to the presence of excess H + ions blocking the sorption sites on NRH or MRH. For NRH, its main functional group is the hydroxy group. The concentration of H + ions capable of competing with the dye cations for the sorption sites decreased as the pH value increased. Hence, the uptake of NR ions onto NRH gradually increased as the initial pH was increased. For MRH, its practical functional group is the carboxyl group. When the pH was low, the presence of excess H + ions could restrain the ionization of the carboxyl group, so that the non-ionic form of the carboxyl group, -COOH, was present. The adsorption capacity of the NR ions was small because of the absence of electrostatic interaction. When the pH was high, the carboxyl group ionized to -COOand the adsorption capacity of the NR ions increased. Thus, the values of q e increased as the initial pH increased from 1 to 5; however, above a pH value of 5, this increase was insignificant. For this reason, the pH values of the remaining solutions were not adjusted as the initial pH of NR solution was near 5.0. From Figure 2 , it can be seen that the uptake of NR by MRH was much higher compared to NRH. 
Effect of adsorbent dosage
The effect of adsorbent dosage on the amount of NR adsorbed by MRH and its corresponding percentage removal from solution are shown in Figure 3 . It is observed from the figure that the dosage of MRH employed significantly influenced the extent of NR adsorption, i.e. the values of q e decreased with increasing adsorbent mass. Thus, the uptake of NR decreased from 56.33 mg/g to 12.16 mg/g for an increase in MRH concentration from 1 g/ᐉ to 8 g/ᐉ. In contrast, the percentage removal (% P) of NR increased from 60.15% to 97.65% for an increase in the adsorbent dosage from 1 g/ᐉ to 8 g/ᐉ. Increasing the dosage of MRH led to an increase in the number of sorption sites available for sorbent-solute interaction, thereby resulting in an increase in the percentage removal of dye from the aqueous solution. The primary factor explaining the decrease in the value of q e is the difference in the concentration gradient between the solute concentration in solution and on the surface of the adsorbent. Thus, on increasing the adsorbent mass, the amount of dye adsorbed onto unit weight of adsorbent is reduced (Vadivelan and Kumar 2005) . Another possible reason is the overlapping or aggregation of the adsorbent surface area available for NR adsorption and a corresponding increase in the diffusion path length. Similar results have been reported previously (Vadivelan and Kumar 2005; Wang et al. 2005) .
Effect of ionic strength and competitive ions
Some salts are used in fibre colouring or dye production, with the result that the resulting dye-containing wastewater has different amounts of various salts. Thus, the effect of ionic strength is of importance in the study of dye adsorption onto adsorbents. It is known that Na + , Cland Ca 2+ ions are those most commonly present in the aqueous environment. For this reason, in the present study a series of NaCl and CaCl 2 solutions covering a range of concentrations were employed as background electrolytes to study the effect of salt concentration, as well as the effect of competitive ions, on the adsorption of NR.
From Figure 4 , it will be seen that the existence of NaCl and CaCl 2 in solution affected the equilibrium adsorption of NR onto MRH. Thus, an increase in the concentration of both salts resulted in a decrease in the value of q e . This indicates that the adsorption efficiency of the adsorbent decreased as the NaCl or CaCl 2 concentration increased in the NR solution. This may be attributed to the competitive effect between NR ions and salt cations for the sites available for sorption. As the Ca 2+ ion makes a greater contribution to the ionic strength as a result of its increased positive charge relative to Na + , the effect of Ca 2+ ion adsorption is more serious than that of Na + ion adsorption at the same molar concentration (Han et al. 2006 ). However, even at a salt concentration of 0.10 mol/ᐉ, MRH still exhibits a positive adsorption capacity towards the removal of NR and, for this reason, may be recommended for the adsorption of NR from aqueous solution at higher salt concentrations. 
Effect of contact time
The effect of contact time on the extent of NR adsorption onto MRH shown in Figure 5 indicates that a two-stage kinetic behaviour was observed, with a very rapid initial adsorption over the first 100 min being followed by a longer period during which the uptake was considerably slower. At the start of the adsorption process, the values of q t increased rapidly but then slowed down after 100 min. After 480 min, the quantity of NR adsorbed remained virtually constant.
Effect of the equilibrium NR concentration
The effect of the initial dye concentration on its adsorption onto MRH was investigated over the range 10-350 mg/ᐉ. Figure 6 shows the equilibrium quantity at different equilibrium dye concentrations and indicates that the values of q e increased with increasing C e . The dye concentration provides the necessary driving force to overcome the resistances to the mass transfer of NR between the aqueous and solid phases. Increasing values of C e also increase the interaction between NR and MRH, leading to an increase in the adsorption uptake of NR.
The values of q e also increased with temperature. This is not unexpected since increasing temperature would lead to higher diffusion rates accompanied by decreasing viscosity and density of the solute, all of which enhance the extent of adsorption. The observed increase in the magnitude of the equilibrium adsorption with increasing temperature also indicated that the adsorption of NR ions onto MRH was endothermic in nature. 
Adsorption isotherms
In order to optimize the design of an adsorption system for the removal of adsorbate, it is important to establish the most appropriate correlation for the equilibrium data. In the present study, the Langmiur, Freundlich and Redlich-Peterson isotherm models have been used to describe the adsorption equilibrium. These equations are presented in Table 1 . The relative parameters for each equation were obtained using the χ 2 relationship between the calculated and experimental data employing non-linear regression analysis. The calculated expression for χ 2 may be written as:
( 3) where q e, calc. is the predicted (calculated) quantity of NR adsorbed onto MRH according to the various adsorption models and q e, exp. relates to the experimental data.
All the respective parameters for the isotherm equations, the determined correlation coefficients (R 2 ) and the values of χ 2 are listed in Table 2 . Figure 6 also shows the experimental equilibrium data and the fitted equilibrium curves obtained from the application of various isotherm models at different temperatures.
The data in Table 2 show that the adsorption capacity of MRH (q m ) increased with increasing temperature, indicating that a higher temperature would favour the adsorptive removal of NR onto chemically-modified rice husk. The values of q m obtained were 47.38, 50.74 and 63.95 mg/g at 283 K, 293 K and 303 K, respectively. Examination of the data shows that the Redlich-Peterson isotherm gave the more appropriate description of the data for NR adsorption over the concentration ranges studied. The constant g is near to unity, indicating the form of the isotherm approached that of the Langmuir model.
All the measured values of K F listed in Table 2 reflect the ready uptake of NR with a high adsorptive capacity onto MRH, with increasing temperature leading to significant differences in the adsorption capacity. The obtained values of 1/n (0.1 < 1/n < 1) indicate favourable sorption at all the temperatures studied (Aksu 2002) . The increase in the value of the Freundlich constant with increasing temperature confirms the fact that the adsorption was favourable at high temperatures and that the process was endothermic in nature. Based on the values of R 2 , χ 2 and the data depicted in Figure 6 , the non-linear form of the Langmuir isotherm appeared to be the best model for the adsorption of NR onto MRH at the various temperatures studied.
Adsorption kinetic studies
The kinetics for the adsorption of NR onto MRH were analyzed by the application of the pseudofirst-order, pseudo-second-order and intra-particle diffusion models, respectively. The pseudo-first-order kinetic model may be expressed (Ho et al. 2000) as:
( 4) while the pseudo-second-order kinetic model is given by the following equation (Ho and McKay 1999; Ho et al. 2000) :
(5)
where q e and q t are the amounts of NR adsorbed per unit weight of adsorbent (mg/g) at equilibrium and at any time t, respectively, with k 1 being the pseudo-first-order adsorption rate constant (1/min) and k 2 being the pseudo-second-order adsorption rate constant [g/(mg min)]. The values of q e , k 1 and k 2 were determined from the experimental data using non-linear regression analysis, with the corresponding parameters being listed in Table 3 . The fitted curves are depicted in Figure 6 . It will be seen from the data listed in Table 3 that the values of R 2 (> 0.96) and χ 2 (< 5) for the application of the pseudo-first-order and pseudo-second-order kinetic equations were only slightly different. In addition, the calculated values of q e obtained from both models showed good agreement with the experimental q e exp. values. Hence, it was concluded that both models were capable of predicting the kinetic process measured experimentally. However, from the values of R 2 and χ 2 , it was concluded that the pseudo-second-order kinetic model gave a better fit over the whole range of the adsorption process. The pseudo-second-order kinetic model 0.74 ± 0.072 C 2 (mg/g) 16.10 ± 1.25 R 2 0.9908 χ 2 0.035 assumes that chemisorption occurs (Ho and McKay 1999) and, consequently, the close fit observed between the model and the experimental data indicates that NR adsorption onto MRH occurred in a chemical manner. Thus, the negative charge of the carboxyl group (-COO -) on the surface of MRH interacts with the positive NR ions existing in solution. This suggests that the main mechanism for the adsorption behaviour of NR onto MRH was ion exchange.
Adsorption mechanism
For practical applications of adsorption, such as in process design and control, it is important to understand the dynamic behaviour of the system. The pore-diffusion (intra-particle diffusion) model of Weber and Morris (1963) and Boyd's equation (Boyd et al. 1947 ) are the two most widely used models for studying the mechanism of adsorption processes. The intra-particle diffusion model (Weber and Morris 1963) may be expressed by the equation:
where k id is the intra-particle diffusion rate constant [g/(mg min 1/2 )] and C is a constant that provides information regarding the thickness of the boundary layer, i.e. the larger the value of C the greater is the boundary layer effect. Figure 7 presents a plot of q t versus t 1/2 for NR adsorption onto MRH. It will be seen from the figure that the experimental data points lie on two straight intersecting lines. The result of 652 Weihua Zou et al./Adsorption Science & Technology Vol. 28 No. 7 2010 regression analysis of the data is presented in Table 3 , from which it is seen that the regression estimates of the first linear segment indicated an intercept value differing from zero, thereby suggesting that pore diffusion was not the sole step controlling the overall rate of mass transfer at the start of batch adsorption. Film-diffusion control may also have occurred during these early stages of the adsorption process and may have still been controlling the rate of mass transfer during the time period of the first linear segment (Srivastava et al. 2006) . This shows that the mechanism of NR adsorption onto MRH was complex and that both the surface adsorption and intra-particle diffusion contributed to the actual adsorption process. Due to the dual nature of intra-particle diffusion (both film and pore diffusion) ( Figure 7) , and in order to determine the actual rate-controlling step involved in the NR adsorption process, the kinetic data were further analyzed using the expression given by Boyd et al. (1947) , viz.
where B is a constant and F is the fractional attainment of equilibrium at time t given by:
where q t and q e correspond to the dye uptake (mg/g) at time t and at equilibrium. Equation (7) can be rearranged to:
Values of Bt may be computed for each value of F and then plotted against time to obtain the Boyd plot. Such a plot is depicted in Figure 8 , which allowed the value of B to be calculated from the slope of the plot as 0.00837 1/min for the adsorption of NR onto MRH. This value may be employed to determine the effective diffusion coefficient (D eff 
where D eff (cm 2 /s) is the effective diffusion coefficient for NR in the adsorbent and r is the radius of the adsorbent particle assuming a spherical shape (20-40 mesh, 30 mesh was chosen). According to Singh et al. (2005) , a value of D eff of the order of 10-11 cm 2 /s indicates that intra-particle diffusion is the rate-limiting step in the adsorption process. In this study, the value of D eff obtained was 5.09 × 10 -8 cm 2 /s, which is two to three orders of magnitude greater than the value quoted by Singh et al. (2005) . This indicates that intra-particle diffusion is not the sole rate-controlling step. Similar results have been reported by and by Hameed and El-Khaiary (2008).
Estimation of thermodynamic parameters
In adsorption processes, energy considerations must be taken into account in order to determine whether a given process will occur a spontaneously. Thermodynamic parameters such as the
Gibbs' free energy change, ∆G 0 , the standard enthalpy change, ∆H 0 , and the standard entropy change, ∆S 0 , were calculated via the following equations:
The apparent equilibrium constant (K′ c ) for the adsorption process may be defined as:
Using the value of K′ c obtained at the smallest NR concentration employed allows the value of the change in the Gibbs' free energy to be calculated via equation (11) (Namasivayam and Ranganathan 1993; Demirbas and Na 2009; Aydin and Baysal 2006; Han et al. 2009b; Zou et al. 2009 ). The corresponding values of ∆G 0 for the three temperatures studied in the present work are listed in Table 4 . The values of the standard enthalpy change, ∆H 0 , and the standard entropy change, ∆S 0 , were determined from the slope and intercept of the plot derived from equation (12). The negative values of ∆G 0 observed at the various temperatures indicate that the adsorption process was spontaneous, with the decrease in the negative value of ∆G 0 with increasing temperature indicating that the spontaneous nature of NR adsorption was inversely proportional to the temperature. The increase in the adsorption capacity of the adsorbent at higher temperatures may be attributed to an enlargement of the pore size and/or activation of the adsorbent surface. The positive value of ∆H 0 indicates that the adsorption process was endothermic, while its magnitude supports the partial chemical nature of the process involved. The positive value of ∆S 0 confirms the increasing randomness at the solid-solute interface during adsorption and reflects the affinity of the adsorbent for the dye.
CONCLUSIONS
The removal of Neutral Red (NR) dye from aqueous solution by rice husk modified with oxalic acid (MRH) was investigated. The adsorption characteristics of NR were strongly affected by the pH value of the initial solution, the initial dye concentration, the amount of adsorbent employed and the temperature. It was found that the amount of NR ions adsorbed onto MRH increased with the initial dye concentration, contact time, temperature and solution pH, respectively, but decreased with the amount of adsorbent employed and the concentration of added salts. Under optimum conditions, the adsorption equilibrium was best defined by the Langmuir and Redlich-Peterson models. The kinetics of NR adsorption onto MRH were examined using the pseudo-first-and pseudo-second-order kinetic models. The results indicated that the pseudosecond-order equation provided the better correlation of the adsorption data. The mechanism of the adsorption process was found to be complex, consisting of both surface adsorption and pore diffusion. The process was spontaneous and endothermic. The sorption capacity of MRH towards NR was much higher than that of the unmodified form of rice husk (NRH). From the higher adsorption capabilities of MRH, it may be concluded that MRH can be used for the elimination of dye ions from wastewater.
